Emission of airborne sound in the production industry is endangering the employees' health and is lowering productivity. Circular saw blades in particular cause high sound pressure levels. Therefore, the tool geometry of saw blades should be improved in the sense that the emission of airborne sound is lowered. In this work, the basics for the tool optimization regarding the emission of airborne sound are elaborated. To avoid high costs for various prototypes and experimental investigations, a computational fluid dynamics (CFD) simulation is used. By this, the effects of the adjustments of the geometry on the fluid mechanics can be researched efficiently. Using the acoustic analogy of Ffowcs-Williams/Hawkings, the results of the numerical flow simulation are converted into the sound pressure level. To validate the calculated results, previously conducted experiments are used for comparison. The calculated results correspond well to the values from the experimental measurements. Hence, it is possible to use the developed method to predict the influence of geometry adjustments on the acoustic behaviour, making the optimization process possible. In an outlook, the concept for an optimization loop is explained, which couples the CFD simulation with a parameterized geometry model and an evaluation algorithm.
INTRODUCTION
With regard to the emergence of noise on rotating circular saw blades, there must be a distinction, whether the saw blade is running under load or idling. In operation, the acoustic emission is caused by vibrations of the circular saw blade as a result of the process forces occurring. At idle the noise is due to fluid mechanical effects on the tool [1] . On the one hand, it is due to the protruding saw teeth, which carry an overpressure field in front of them and drag a negative pressure field behind them. On the other hand, turbulent vortex shedding occurs on the rotating tool surface [2] . ____________ The reduction of the noise emission of circular saw blades has already been subject of numerous investigations. By introducing composite systems or damping materials, the noise emission could be reduced [3, 4] . Other investigations dealt with the use of compressed air to have a positive influence on the flow conditions [2] . Various tool manufacturers use slots filled with polymers to reduce vibrations. Others cut thin slits on the steel blade by laser processing.
In this work, the approach is followed to adapt the chip space or tooth geometry so that the air flow processes can favorably influence the noise emission. For this adaptation, the method of computational aeroacoustics (CAA) is used. This means that the flow processes are calculated by using a numerical flow simulation. Subsequently, a conversion into sound quantities is carried out using the acoustic analogy of Lighthill and the extension of Ffowcs-Williams/Hawkings.
For the following optimization, a simulation model of an existing circular saw blade is first created and the results are compared to experimentally performed sound measurements. An outlook for the optimization of the tool geometry is shown afterwards.
EXPERIMENTAL MEASUREMENTS
In order to be able to validate the results of the simulation, sound measurements were carried out with a circular saw blade at different rotational speeds. The measurements took place in an acoustic laboratory with a sound-absorbing ceiling and walls. The test set-up and the measuring instruments used made it possible to measure according to accuracy class 2 (DIN 3744). Fig. 1 shows the test stand used for the performed sound measurements. The measurements were carried out at rotational speeds of 2000, 3000, 5000 and 7000 min -1 . In each case, the sound pressure level in 1 m distance was determined. The results are shown in Table 1 . It should be noted that no frequency-dependent evaluation of the sound pressure level was carried out during the sound measurements. Hence, the results could be compared with those of the simulations. 
SIMULATION
To carry out the simulation, the geometry of an exemplary circular saw blade was measured with a digital microscope and modeled using a CAD system. The circular saw blade used has a diameter of 160 mm and 36 teeth, which are arranged as alternating teeth (Fig. 2) .
The flow simulation was performed using ANSYS CFX. In the simulation, the circular saw blade itself was not used. Rather, the saw blade was subtracted from a calculation volume and later considered in the setup as a frictional wall in the simulation (Fig. 2) . The calculation volume has a diameter of 360 mm and a thickness of 90 mm.
The outside area of the calculation volume was taken into account as a frictional wall and the rotational speeds of the rotating calculation volume were set in the setup. For this purpose, the experimentally investigated rotational speeds were applied. Furthermore, different turbulence models were compared. These include the k-ε model, the Shear Stress Transport model (SST), the Baseline Reynolds Stress model (BSL) and the SSG Reynolds Stress model by Speziale, Sarkar and Gatski. Once completed, the results of the simulation can be displayed and viewed. In the present case, the direction of rotation of the calculation volume should be checked in the context of a plausibility check. The direction of rotation can be recognized by the pressure curve on the circular saw blade surface. Thus, overpressure must prevail on the rake surface of the teeth and a negative pressure behind it must be formed. If the results are plausible, they can be exported to calculate the sound pressure level.
ACOUSTIC ANALOGY
The conversion of the results from the flow simulation is done by the acoustic analogy of Lighthill and the extension of Ffowcs-Williams/Hawkings [5] [6] [7] .
The propagation of sound can generally be described by the wave equation. Lighthill was able to show that the basic equations of fluid mechanics (continuity and momentum equation) can be calculated in such a way that they can be converted into a wave equation. Consequently, it is possible to convert flows into sound parameters. The derived acoustic analogy can be seen in equation (1):
where: ρ is density, t is time, x i,j is spatial directions, ṁ is mass flow, f i is force, v i is velocity, p is pressure, c 0 is speed of sound, δ ij is Kronecker Delta [8] .
To solve the above equation, the generalized Kirchhoff equation is used. Fig. 3 shows the schematic structure with the moving solid S in the calculation volume V. 
where: p(x,t) is pressure in receptor point, r is distance, ṁ is mass flow, t is time, τ is elapsed time, V is calculation volume, ρ is density, v i is velocity, n i,j is normal vector, S is surface, x i,j are spatial directions, f i is force, p ij is pressure tensor, T ij is Lighthill tensor [8] .
The solution can be considerably simplified by making assumptions. First, the mass flow ṁ is considered. In the present case, this would be a mass flow entering the calculation volume V from the outside which is assumed to be ṁ = 0. The term f i represents an outside force acting on the calculation volume V or a reaction force due to the mass flow. Both are not present in the current case, which is why they are omitted. This leads to the following results of the integrals
For the remaining integrals further simplifications can be made. The pressure tensor p ij is calculated as follows:
where p ij is pressure tensor, p is pressure, δ ij is Kronecker Delta, τ ij is shear stress tensor.
If a Newtonian medium is assumed, the shear stress is eliminated and only the following expression remains.
If also a constant density and an isentropic medium is assumed at low Mach numbers and a high Reynolds number, the Lighthill tensor is simplified further. The Lighthill tensor without simplifications is calculated according to equation (5) .
where T ij is Lighthill tensor, ρ is density, v i,j is velocity, δ ij is Kronecker Delta, p is pressure, c 0 is speed of sound, e ij is viscious stress tensor.
The above assumptions lead to the simpler form:
One final assumption is made by neglecting the elapsed time. This would take the difference between the sound pressure level at the origin of the sound and the registration of the sound at the receptor point into account. Since the time difference is very small due to the short distance and the sound emission is also assumed to be stationary, this derivation is neglected.
In order to be able to calculate the sound pressure level, the required values have to be taken from the simulation. ANSYS CFX provides an export option for this purpose. As a result, the required pressure/velocity and their gradients can be obtained. These are numerical values, which is why the integration and derivation must also be performed numerically.
For the solution of the Kirchhoff equation, relations were derived which result in the overall solution with the help of these exportable values. For the first integral, the following relation results:
where S is surface, r is distance, ρ is density, v i is velocity, n i is normal vector, A is area, x i is spatial direction.
Because the normal vectors are not perpendicular on the circular saw blade, but perpendicular on the calculation volume, negative signs appear in the solution. The time derivative of the velocity does not exist as an export option in ANSYS CFX. Therefore, the spatial gradient of the velocity is multiplied by the velocity to obtain the time derivative (acceleration). The solution of the integral is calculated using the discretized finite elements on the circular saw blade surface. The respective velocities and gradients are multiplied by the associated area and summed up for the entire area.
The solution of the next integral is shown in equation (8) .
where x i is spatial direction, S is surface, r is distance, ρ is density, v i is velocity, p ij is pressure tensor, n j is normal vector, A is area, n a  is vector.
The vector a is composed at every point n of the calculation volume according to the following equation. For the derivatives, the product rule (if necessary the summation rule) of the derivation must be considered. The norm can be calculated by the geometric addition of the individual components of the vector. 
where v i is velocity, ρ is density, x i is spatial direction, p is pressure, n j is normal vector.
The signs are also opposite due to the reverse direction of the normal vectors. The integral is solved analogously to the previous one.
Equivalent to the Euclidean norm of a vector, the operation can also be performed on a matrix. By geometrical addition of all components, the so called Frobenius norm is formed. This operation is applied on the twice-differentiated Lighthill tensor (10). The matrix [A] at each point n of the calculation volume is calculated according to the following expression. Attention must be paid to the application of the product rule of derivation. For reasons of clarity, the extensive form of the calculated terms is not displayed. 
where [A n ] is twice-differentiated Lighthill tensor, ρ is density, v i is velocity, x i is spatial direction.
The overall result is built by adding up the integrals to the sound pressure in the receptor point p(x,t). In order to obtain the sound pressure level, it has to be calculated according to equation (12).
where L p is sound pressure level, p(x,t) is sound pressure in receptor point.
The diagram in Fig. 4 shows the calculated sound pressure levels over the rotational speed. The comparison of the used turbulence models with the experimentally measured values can also be seen.
All turbulence models correspond to the trend of the sound pressure level of the experiment. A logarithmic function was chosen for the balance line since the sound pressure level is based on a logarithmic function. The calculated sound pressure levels are clearly above the measured values. There are multiple reasons for these differences. Due to production tolerance, the CAD model is not an exact representation of the saw blade. Also, numerical simulations always have a residual error. Furthermore, the simulation uses turbulence models, which don't exactly calculate the actual occuring turbulences.
For the optimization of circular saw blades a tendenctious course like in the experiment, however, is sufficient. The SSG Reynolds Stress model provides the most accurate result, because the balance line is shifted upwards almost parallel. This becomes clear when regarding the formulas of the balance lines of the SSG Reynolds Stress model and the measurement in Fig. 4 . In order to save computing capacity, the rotational periodicity of the tool was exploited. For the circular saw blade with 36 teeth, a circle section of 40° was chosen, so that several chip spaces were considered. In general the symmetry to the middle plane could also be exploited -due to the alternate top bevel design it wasn't used. In order to be able to compare the results the same dimensions for the calculation volume were used. The results were multiplied by nine, since only one-ninth of the tool was calculated. The diagram in Fig. 5 shows the results of this simplification.
In comparison to the 360° simulation the slopes of the curves have changed. In the lower rotational speed range, the results of the simulation are closer to the experiment. With increasing rotational speeds the deviations increase as well. These can be explained by the factorization. The turbulence models ensure an uneven distribution of turbulence in the calculation volume. This can be clearly seen when looking at the streamlines in the following Fig. 6 .
Since only one-ninth of the total volume is calculated, nine areas of repetitive turbulence are created across the volume. Furthermore, the model is meshed differently. This also causes deviations. The deviations in the slopes of the sound pressure level curves depend on the turbulence model. For the optimization, the analysis of the section of the circle is still suitable, since this is a comparitive study. This means, that only the relative changes of the sound pressure levels can be applied as optimization criterion, rather than the absolute values. Due to the shorter computing time, the process can be considerably accelerated. 
SUMMARY AND FUTURE RESEARCH
With the performed simulations, it is now possible to predict the acoustic behavior of the saw blade with sufficient accuracy. The trend of the dependence of the sound pressure level on the rotational speed was shown for the used circular saw blade. Thus, the foundation for the optimization of the saw blade geometry in regards to the noise emission is elaborated. As part of ongoing work, a numerical optimization process is currently developed for the design of low-noise circular saw blade geometries, as shown in Fig. 7 . The optimization loop consists of a coupling of a parameterized CAD model, the flow simulation and an evaluation algorithm. The parameterized CAD model is intended to be defined by fixed parameters such as the saw blade thickness and diameter and variable parameters such as chip space radius and tooth backlash length. The strategy of the algorithm is to vary these variable parameters (Fig. 8) either individually or in combination, with the goal of reducing the sound pressure level to a set value. As a boundary condition, a minimum area of the chip space must be specified. Otherwise, the computational effort would be too high and the end result would always be a model without a chip space (circular blank).
The minimum size of the chip space is derived from the results of previous studies [9] . As part of these experiments, the influence of various tool/process parameters and materials on the chip loosening factor were investigated. The chip loosening factor describes the relation between the original volume of the material and the volume of the chip material. In general, the larger the chip loosening factor, the more space the chip will take. As a result, the chip spaces of the saw blade must be larger, which in turn can lead to an increase in the sound pressure level.
This optimization methodology can be applicable in tool development for wood, metal and composite machining.
